Background/Aims: Mitogen-activated protein kinases (MAPKs) are involved in the cellular response to hypoxia and their dysregulation may contribute to the progression and pathology of diverse human renal diseases. Recent studies suggest that the regulation of MAPK responses to hypoxic stress may be different in different cells, even within the same organ. However, it is unclear if MAPKs are differentially regulated in different renal cells in hypoxia. This work was carried out to clarify this fundamental issue. Methods: We cultured normal rat kidney epithelial (NRK-52E) cells, human kidney epithelial (HK-2) cells and human renal cell adenocarcinoma (769-P) cells simultaneously under normoxia and hypoxia (1% O 2 ) for 24-72 hours. The protein levels of P-ERK1/2, ERK1/2, P-p38, p38 and eEF2K were detected by western blotting. The morphology of all cells was examined using light microscopy. Results: Under the same hypoxic condition, P-ERK1/2 was up-regulated in all renal cells. Meanwhile,P-p38 in NRK-52E cells was markedly increased after hypoxia for 24-72 hours, while it appeared to show no appreciable change in HK-2 and 769-P cells exposed to hypoxia for 24-48 hours and significantly decreased in these cells after 72 hours hypoxia. On the other hand,hypoxia markedly down-regulated the expression of eukaryotic elongation factor-2 kinase (eEF2K) in all three cells. Under microscopy, NRK-52E cells had no visible injury after 72 hours hypoxia, while HK-2 and 769-P cells were mostly damaged under the same condition. Conclusions: Our data suggest that in response to prolonged hypoxic stress, ERK1/2 and p38 are differentially regulated in three renal cells, while eEF2K is largely down-regulated in all of these cells.
Introduction
More than 500 million people worldwide suffer from varying degrees of kidney diseases including acute/chronic renal dysfunction and renal carcinoma. Although there are many causes attributed to the renal pathophysiology, hypoxia is one of the common clinical problems that has profound effects on renal homeostasis [1] . Indeed, the kidney is, like the Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry brain and heart, very sensitive to hypoxic/ischemic stress. Hypoxia is implicated as one of the major causes of acute kidney injury and chronic kidney diseases [2] . In renal tubular epithelial cells, for instance, hypoxia can lead to abnormal metabolism, biochemical disorders, and eventually renal dysfunction and structural damage, leading to serious renal diseases. Moreover, renal cancer, like most other solid cancers, creates a hypoxic microenvironment that affects the progress and treatment of these cancers. Therefore, it is of great importance to better understand hypoxic pathophysiology of the kidney and the underlying molecular mechanisms. Hypoxic stress can activate or inactivate multiple signaling pathways, leading to cell differentiation, proliferation, migration and apoptosis [3] . Among many signaling molecules, Mitogen-activated protein kinases (MAPKs) are early responders to insufficient oxygen. They are made up of four well-described subgroups, i.e.,the extracellular signal-regulated kinases-1 and -2 (ERK1/2), the c-Jun N-terminal kinases (JNK), p38 MAPKs, and extracellular signalregulated kinase-5 (ERK5/BMK1) [4] [5] [6] . In general, ERK1/2 is relevant to cell proliferation/ survival, while p38 is associated with cell apoptosis [7] [8] [9] [10] [11] [12] [13] . They usually present opposite changes in response to hypoxic and/or ischemic stress. Interestingly, our recent work has shown that in normal rat kidney epithelial cells (NRK-52E cells), both ERK1/2 and p38 phosphorylation (P-ERK1/2 and P-p38) remarkably increased after prolonged hypoxia _ ENREF_6 [14, 15] . This notion is very different from what we have seen in the neurons [16] .
We therefore wondered whether this MAPK response is a unique change in the particular renal cells or a universal response to hypoxia in various renal cells. To clarify this fundamental issue, we simultaneously culturedNRK-52E cells, human kidney epithelial (HK-2) cells and human renal cell adenocarcinoma (769-P) under the same conditions and then compared the expression of ERK1/2 and p38 from the same culture sample at varying time points of hypoxic duration. In order to verify the specificity of ERK1/2 and p38 changes in these cells, we determined the expression of eukaryotic elongation factor-2 kinase (eEF2K), which is highly conserved among eukaryotes from mammals to invertebrates and varies under environmental metabolic stresses, including hypoxia, nutrient deprivation, and growth factor deprivation [17] . Our results show that hypoxia differentially alters ERK1/2 and p38 in different renal cells and gravely suppresses eEF2K expression in all renal cells studied.
Materials and Methods

Antibodies and Reagents
The antibodies for P-ERK1/2, ERK1/2, P-p38, p38 and eEF2K were purchased from Cell Signaling Technology (Beverly, MA, USA). All cell culture media and other reagents were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). Western blot reagents were purchased from Beyotime Biotechnology (Shanghai, China).
Cell culture, hypoxic conditions
The NRK-52E, HK-2, and 769-P cells were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China). NRK-52E cells were cultured in Dulbecco's Modified Eagle's medium (DMEM), supplemented with 5% (v/v) fetal bovine serum and 1% penicillin/streptomycin, while HK-2 and 769-P cells were incubated in RPMI 1640 Medium, supplemented with 10 % fetal bovine serum and 1 % penicillin/ streptomycin. The cells were maintained at 37°C in an incubator (Thermo Fisher Scientific Inc., Waltham, MA, USA)with humidified atmosphere containing 5% CO 2 /95% air. Prior to experimental procedures, the cells were grown to 70-80 % confluence, then were transferred into a triple gas incubator. To induce hypoxia, nitrogen gas was flushed into the incubator to bring the oxygen content down to 1 % with the carbon dioxide content being at 5 %. All cells were cultured in either normoxia (ambient oxygen) or hypoxia (1% O 2 ) for 24, 48 or 72hours. 
Western Blot Analysis
The cells were seeded in 25-cm 2 culture flasks. Following treatment(s), the cells were collected, centrifuged, washed twice in ice-cold PBS and whole-cell lysates were obtained by suspending the cells in a lysis buffer at 4°C. Proteins were extracted from cell lysates. The total protein concentration was measured using a BCA assay kit according to the manufacturer's instructions and the equivalent of thirty micrograms of protein were subjected to SDS-PAGE. The proteins were separated at 100V for approximately 2 hours. After electrophoresis, the wet sandwich was assembled and the proteins were transferred onto a PVDF membrane (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 350 mA for 1 hour. After the transfer, the membrane was blocked with 5% dry low-fat milk in Tris-buffered saline with Tween 20 (TBST) for 60 min at room temperature. Subsequently, the membranes were incubated with rabbit anti-P-ERK1/2, anti-ERK1/2, anti-P-p38, anti-p38 and anti-eEF2K antibodies, respectively, at the concentration of 1:1000 overnight. The membranes were then washed with TBST for three times, and incubated with HRP-conjugated goat antirabbit IgG secondary antibody at 1:2000 for 2hours at room temperature. The signals were detected with enhanced chemiluminescence Western blotting detection reagents (Pierce) according to the manufacturer. Image Quantity One software (Bio-Rad, Hercules, CA, USA) was used for quantification of the relative abundance of proteins.
Statistical Analysis
All experiments were repeated in independent sets of work for at least three times (n=3 or more). The results are presented as mean ± standard deviation (SD).All statistical analyses were performed using Student's t test by GraphPad Prism statistical software. The statistical level of significance was defined as p < 0.05.
Results
Major differences in ERK1/2 response to hypoxia among different renal cells
We have recently shown a major increase in P-ERK1/2 in NRK-52E cells [14] . To determine whether this is a unique response of NRK-52E cells to hypoxia, or a general change in various renal cells exposed to hypoxia, we simultaneously compared NRK-52E, HK-2 and 769-P cells in terms of their ERK1/2 response to hypoxic stress. As shown in Fig. 1a , the level of P-ERK1/2 was up-regulated by 1-3 fold (P<0.05) in NRK-52E cells after hypoxia for 24 hours, 48 hours or 72 hours. In HK-2 and 769-P cells (Fig. 1b, c) , however, P-ERK1/2 did not induce any significant change after 24 hours hypoxia, but it increased by 3 fold after 48 hours hypoxia. In sharp contrast to the NRK-52E cells, 72 hours hypoxia induced a significant decrease in P-ERK1/2 with major cell injury. When compared to the control level, P-ERK1/2 was decreased by 70% after 72 hours hypoxia. In all these cells, the total ERK1/2 showed no appreciable changes after 24-72 hours of hypoxia. These results suggest that different renal cells differentially respond to hypoxic stress in terms of ERK1/2 phosphorylation and cell survival. 
MAPK Responses to Hypoxia
Major differences in p38 response to hypoxia among different renal cells P38 oftentimes appears to oppose ERK1/2 function and is frequently linked to the process of inflammation and apoptosis [18] . In NRK-52E cells, P-p38 was substantially upregulated after exposure to hypoxia at 24, 48 or 72 hours (17) . Since the ERK1/2 response to hypoxia is different in three kinds of renal cells, we further investigated whether P-p38 is differentially regulated in these renal cells in response to hypoxia. Surely enough, P-p38 in NRK-52E cells increased by 2 fold (P<0.05) at all time points of hypoxia, in comparison with corresponding normoxia groups (Fig. 2a) , which is consistent with our previous observation (17) . However, in HK-2 and 769-P cells under the same experimental conditions, the level of P-p38 did not change significantly after 24-48 hours of hypoxic stress, while largely decreasing after 72 hour of hypoxia (Fig. 2b, c) , which is in sharp contrast to NRK-52E cells. No appreciable changes were observed in the levels of total p38 among all these cells. These data suggest that the regulation of P-p38 is also different among various renal cells. 
A major difference in eEF2K vs. MAPK responses to hypoxia
To further verify the characteristic changes in ERK1/2 and p38 in response to hypoxic stress in the renal cells, we detected another kinase, eEF2K, in terms of its response to hypoxia. It was chosen because it acts as a negative modulator of protein synthesis, and has a critical function during stressful conditions, such as hypoxia, nutrient deprivation and growth factor inhibition [19] . The results showed that prolonged hypoxia greatly reduced the expression of eEF2k in NRK-52E cells. When compared with the control, eEF2K decreased to 50% (P<0.05), 50% (P<0.05), and 90% (P<0.05) of the control level after 24 hours, 48 hours and 72 hours hypoxia, respectively (Fig. 3a) . A similar trend was also observed in two other kinds of renal cells with even larger decreases. In HK-2 cells, eEF2K expression was down-regulated by 85% (P<0.05) and 80% (P<0.05) after 48 hours and 72 hours hypoxia, respectively (Fig. 3b, c) . In 769-P cells exposed to hypoxia for 48-72 hours, eEF2K was not even detectable (Fig. 3c) . These results suggest that hypoxic stress is a strong inhibitory factor to eEF2K and further support that the up-regulation of ERK1/2 is a specific response of renal cells to hypoxic insults and that the response of p38 to hypoxia varies in different renal cells.
Greater tolerance of NRK-52E cells to hypoxia vs. two other kinds of renal cells
Under hypoxic conditions, as shown in Fig. 4a , ERK1/2 was upregulated in all renal cells except for HK-2 and 769-P cells after 72 hours hypoxia with serious cell injury, while p38 was upregulated only in NRK-52E cells. In contrast, eEF2K expression was largely inhibited in all cells. Under microscopy, the morphology of NRK-52E cells showed no appreciable changes compared to the control for up to 72 hours hypoxia (Fig. 4b) . However, there were different manifestations in HK-2 and 769-P cells in terms of their tolerance to hypoxia. After exposure to hypoxia for 24 hours, no visible changes appeared, in comparison with corresponding normoxia groups. After 48 hours hypoxia, however, some HK-2 cells began to shrink, dissolve and disappear with the surrounding connections, and some of them floated in the culture medium (Fig. 4b, panels 1 and 2) . Greater damage was seen in 769-P cells (Fig. 4b, panels 3  and 4) . After 72 hours hypoxia, almost all HK-2 and 769-P cells were floating in agglomerates (Fig. 4b, panel 5-8 ). In order to further validate the observation under microscopy, we analyzed cell numbers under normoxia as well as under hypoxia. As shown in Fig. 4c , compared with the control cell, NRK-52E cell numbers were not statistically different from those under hypoxia, but the numbers of HK-2 and 769-P cells were significantly reduced after hypoxia for 72 hours (p<0.05). These appearances indexed that NRK-52E cells are much more tolerant to hypoxic stress than HK-2 and 769-P cells.
Discussion
In the present study, we demonstrated that under the same hypoxic condition, 1) phosphorylated ERK1/2 was up-regulated in all renal cells; 2) phosphorylated p38 was markedly increased in NRK-52E after hypoxia for 24-72 hours, while there was no appreciable change in HK-2 and 769-P cells exposed to hypoxia for 24-48 hours and significantly decreased in these cells after 72 hours hypoxia; 3) hypoxia markedly downregulated eEF2K expression in all three cells; and 4) NRK-52E cells had no visible injury after 72 hours hypoxia, while HK-2 and 769-P cells were mostly damaged under the same conditions.
Hypoxia is a common clinical condition with a strong effect on both normal and abnormal cells including tumor cells. In fact, it is a common characteristic of pathophysiology in many types of solid tumors, including renal cancer and plays critical roles in the development and progression of cancers. As an adaptive response to hypoxic stress, hypoxic tumor cells activate several survival pathways to carry out their essential biological processes in different ways [20] [21] [22] . The present study strongly demonstrate that both ERK1/2 and p38 are very sensitive to hypoxic stress in both normal and tumor kidney cells. MAPK signal pathways are among the most widespread mechanisms for eukaryotic cell regulation. By coordinating activation of gene transcription, protein synthesis, cell cycle machinery, cell death, and cell differentiation, these pathways exert a profound effect on cell physiology, including proliferation, differentiation, apoptosis and survival [23] [24] [25] . Accordingly, MAPK pathways contribute to the progression and pathology of diverse human diseases with renal disease being no exception. However, the regulation of MAPK pathways may be very different in different cells. Indeed, here we show that three types of kidney cells have different responses to environmental stress. Our previous studies [14] have shown that the phosphorylation of both ERK1/2 and p38 is largely up-regulated in the NRK-52E cells, a kind of normal rat kidney cell, in response to hypoxic stress. Interestingly, p38 up-regulation was absent in human kidney cells, in both normal and tumor cells, under the same hypoxic condition. Therefore, we caution readers that it is important to carefully interpret the data and make comparisons of the results among different kidney cells and between the animal and human models.
It is very interesting to note that NRK-52E cells with the up-regulation of both ERK1/2 and p38 are much more tolerant to hypoxic stress than the 769-P and HK-2 cells without p38 up-regulation. The ERK1/2 phosphorylation cascade is important in intracellular signaling. Although, there are some opposing views, most of the previous studies show that ERK1/2 activation is beneficial for the survival of kidney cells. For example, Chen et al. indicated that HO-1 induced ERK1/2 activation enhances renal tubular recovery and subsequently prevents further renal injury [26] . Fogelgren et al. demonstrated that sec10 over-expression increased ERK1/2 phosphorylation and cell recovery from oxidative injury [27] . In general, p38 has an opposite function to that of ERK1/2 [28] [29] [30] . An inhibition of the p38 pathway can prevent a loss of renal function in diseased rat and human kidneys [31] . Mei et al. showed that by inhibiting p38, Peroxiredoxin 1 alleviates the H 2 O 2 -induced apoptosis in NRK-52E cells [32] . The same is true for tumor cells. Several vivo and vitro studies [33] [34] [35] [36] have shown that in renal tumors, ERK1/2 contributes to proliferation and metastasis, while p38 promotes apoptosis. For example, Suzuki et al. indicated that in 769-P and 786-O cells, inhibiting the ERK1/2 pathway induces apoptosis [37] . Kim et al. indicated that p38 MAPK appeared to independently mediate IL-4 induced growth inhibition and cellular senescence in some human RCC cell lines [38] . If the beneficial role of ERK1/2 is true, its up-regulation in all three cells is very likely an adaptive regulation against hypoxic insults. However, it is unclear at this stage why the 769-P and HK-2 cells that had no p38 up-regulation in hypoxia are more vulnerable than NRK-52E cells that had p38 up-regulation, if it is an injury factor as shown in many previous studies [31, 32] .
To ascertain the specificity of the above changes, we further detected a non-MAPK kinase, eEF2K from the same cell samples. This kinase, also known as Ca(2+)/calmodulindependent protein kinase III, is a negative modulator of protein synthesis and can control the rate of translation elongation through its phosphorylation of eukaryotic elongation factor-2 (eEF2) (the only known substrate) or its own autophosphorylation at multiple sites [39, 40] . EEF2K is over-expressed in different types of malignancies, such as pancreatic cancer [41] , glioblastoma [42] , and breast cancer [43] . In our previous work, we observed that eEF2K expression was increased in renal cell cancer [44] . Its activity is sensitive to hypoxia, as well as nutrient deprivation and DNA damage [45] [46] [47] [48] . Since hypoxia can severely decrease cellular ATP levels, it is reasonable to assume that eEF2K activity may be increased by hypoxia to suppress the rate of elongation in order to down-regulate high-energy processes including protein synthesis for energy re-balance. However, we found that hypoxia gravely inhibits eEF2K expression in all NRK-52E, HK-2 and 769-P cells, suggesting that it is vulnerable to hypoxic stress. On the other hand, this notion suggest that the differential regulation of ERK1/2 and p38 is a specific, rather than a general, cell response to hypoxic stress.
In summary, the kidneys are extremely sensitive to oxygen insufficiency. To respond and adapt to decreases in renal oxygenation, renal cells evolve in a variety of ways under physiologic and under pathologic conditions. In addition, these changes have wide-ranging implications for the pathogenesis and treatment of renal diseases [49] . From amongst many Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
